To reduce the potential costs of combat, animals may rely upon signals to resolve territorial disputes. Signals also provide a means for individuals to appear better than they actually are, deceiving opponents and gaining access to resources that would otherwise be unattainable. However, other than resource gains, incentives for dishonest signalling remain unexplored. In this study, we tested the idea that unreliable signallers pay lower metabolic costs for their signals, and that energetic savings could represent an incentive for cheating. We focused on two-toned fiddler crabs (Uca vomeris), a species that frequently uses its enlarged claws as signals of dominance to opponents. Previously, we found that regenerated U. vomeris claws are often large but weak (i.e. unreliable). Here, we found that the original claws of male U. vomeris consumed 43% more oxygen than weaker, regenerated claws, suggesting that muscle quantity drives variation in metabolic costs. Therefore, it seems that metabolic savings could provide a powerful incentive for dishonesty within fiddler crabs.
INTRODUCTION
Intra-specific combat is energetically expensive and can increase the risk of injury and death (Briffa and Sneddon, 2007) . To reduce these potential costs animals often seek to resolve disputes without fighting by signalling intent, and using assessments of weapon size, body mass and/or aggressive displays (Bywater et al., 2008; Smith and Harper, 1995) . Visual signals, and the intrinsic quality they represent, are used by receivers to assess the likelihood of combat success should physical confrontation ensue (Bradbury and Vehrencamp, 2011; Hughes, 2000) . Reliance upon these signals provides an opportunity for individuals to deceive stronger opponents and elicit a submissive response by producing signals that do not accurately reflect their actual ability (Lailvaux et al., 2009 displays, and as a means of inflicting injuries during physical contests (Emlen, 2008) . When individuals display their claws they are signalling their potential to inflict costly injuries upon their opponents (Arnott and Elwood, 2010) . While most disputes are settled during the signalling stage, when contests escalate to physical contact the stronger animal generally prevails (Bywater et al., 2008; Walter et al., 2011; Wilson et al., 2007) . Because the claw muscles of crustaceans -which underpin their fighting capacity -are cryptically concealed beneath an exoskeleton, it is difficult for competitors to accurately assess the strength of their opponents without physical contact. This allows for the potential decoupling of weapon size and underlying ability, enabling individuals to display large weaponry without necessarily having the strength to match their signals (Bywater and Wilson, 2012; Lailvaux et al., 2009 ). As such, unreliable signallers could gain access to resources by deceiving opponents, and may also save substantial energy by developing less muscle and by reducing the cost of its ongoing maintenance.
In this study, we compared the metabolic costs of reliable and unreliable signals of strength in the two-toned fiddler crab (U. vomeris), a species that is known to produce unreliable signals. When male U. vomeris lose their original (brachychelous) claw, they regenerate a replacement (leptochelous) claw that is an unreliable indicator of strength -the new claw is less robust, weaker, contains less muscle, and is less effective in combat (Lailvaux et al., 2009; McLain et al., 2010) . Despite the disadvantages of a regenerated claw, male fiddler crabs are not able to visually distinguish between claw morphs and some leptochelous males are able to induce retreat from some stronger brachychelous males (Backwell et al., 2000; Lailvaux et al., 2009) . We compared the metabolic costs of claw muscles for reliable and unreliable signallers in the fiddler crab (brachychelous versus leptochelous claw types).
RESULTS AND DISCUSSION
Our study found that investing in reliable high quality signals, which act as effective weapons during combat, is metabolically costly. Original brachychelous claws of male U. vomeris contained over 50% more muscle and consumed 43% more oxygen than the weaker leptochelous claws. Total claw size did not differ between original and regenerated claw types of U. vomeris (t=-0.65, d.f.=105, P=0.52; Fig. 1A,B) ; however, the relative muscle mass of regenerated claws was lower than that of original claws (t=-9.11, d.f.=105, P<0.0001). Whole-animal oxygen consumption did not differ between individuals bearing each claw type (t=0.20, d.f.=105, P=0.84). The rate of oxygen consumption per gram of claw muscle tissue was not significantly different between claw types (t=-0.44, d.f.=105, P=0.66; Fig. 1C) ; however, whole-claw oxygen consumption was significantly higher for males with original claws (t=-3.09, d.f.=105, P<0.01; Fig. 1D ). As the maintenance of the muscle within the claw can represent a considerable metabolic cost, any reduction in muscle mass within the regenerated claws provides a substantial metabolic saving.
Metabolic incentives for dishonest signals of strength in the fiddler crab Uca vomeris
The development of exaggerated reliable signals is governed, in part, by the costs incurred by the signaller (Smith and Harper, 2003) , and our findings support one of the main assumptions of the handicap principle, which predicts that reliable signalling is costly. However, merely demonstrating that a signal is costly does not necessarily guarantee that a handicap is acting upon the signal (Lachmann et al., 2001; Számadó, 2011) . One must separate the costs involved in ensuring the signal remains reliable (strategic costs) from those required to unambiguously communicate a message to a receiver (efficacy costs) (Grose, 2011; Számadó, 2011) . For example, in the common nightingale, Luscinia megarhynchos, loud calling to females causes large reductions in body mass for males (Thomas, 2002) . This was considered an efficacy cost, as males must call loudly in order to be heard above any background noise. However, the intricacy of the male nightingale's song and the patterns sung vary greatly among males and affect male fitness (Hughes et al., 2002) . Whether the cost of learning songs should be considered strategic, or merely an additional efficacy cost, is dependent on the extent to which females respond to variation in song quality. Although it is these strategic costs that are expected to maintain reliability rather than efficacy costs, empirical studies rarely, if ever, attempt to separate their relative roles (Bergstrom and Lachmann, 1997; Grose, 2011; Lachmann et al., 2001; Smith and Harper, 2003; Számadó, 2011) . In our study, we were able to quantify a strategic cost for signals of strength in the fiddler crab. As the reliability of the male signal (claw size) is governed by its correlation to the actual underlying strength of the weapon, the cost of maintaining claw muscle represents a strategic investment. To our knowledge, our study represents the first to quantify the metabolic strategic costs of reliable and unreliable signals of strength.
For the fiddler crab it seems that receivers cannot distinguish between reliable and unreliable signallers without actively engaging in physical contact (Backwell et al., 2000) . Without escalation of contests, individuals with large but weak claws can drive some competitors to incorrectly withdraw from the dispute (Lailvaux et al., 2009 ). This means that individuals that employ this deceptive strategy (by producing large but weak claws) can successfully intimidate rivals into retreating on some occasions. Given the additional metabolic incentives for producing an unreliable signal of strength as quantified in our study, it is then intriguing that receivers do not ignore the signals completely and actively engage in combat. It is likely that the maintenance of this crustacean signalling system is driven by the costs imposed on individuals testing an opponent's strength.
We have demonstrated that investing in a reliable high quality signal, which in these species can also be an effective weapon during combat, is metabolically costly. As the metabolic expense is greatly reduced in individuals that produce unreliable signals, these represent clear strategic costs for reliably signalling fighting capacity to opponents. The prevalence of unreliable signals of strength within natural populations of fiddler crabs is thus unsurprising, given the substantial incentives for individuals to reduce investment in a metabolically expensive claw.
MATERIALS AND METHODS
We collected 125 male Uca vomeris (original claws: 85; regenerated claws: 40) from southeast Queensland. Individuals were housed at the University of Queensland in 40 l plastic containers with gravel and shelters, and maintained at 23±1°C (mean ± s.e.) in groups of 10 individuals. For each individual, we measured the aquatic rate of oxygen consumption as a proxy for whole-animal metabolic rate using closed-system respirometry (Lighton, 2008) . We also measured tissue respiration rates of isolated muscle taken from the major claw.
Seven morphological measurements were recorded for the major claw as per Bywater and Wilson (Bywater and Wilson, 2012) and we conducted a principal components analysis to derive a single measurement of claw size. Body mass and carapace width, length and depth, and claw muscle mass were also measured for each individual. The claw type (original or regenerated) for each U. vomeris was identified using morphological and physiological features, as per Lailvaux et al. (Lailvaux et al., 2009) .
Aquatic respiration was measured using a two-channel closed system, a dissolved oxygen electrode and associated oxygen meter and software. Individuals were placed in cylindrical glass chambers (147 ml) submerged in water baths at 24±1°C with a salinity of 27‰. Continuous mixing within the chambers was achieved by circulating water through the chambers in a closed loop at a constant flow rate using 5 mm Tygon tubing and a Masterflex peristaltic pump (model 77202-50, Cole-Parmer, USA). Dissolved oxygen content was measured using fibre-optic sensors (OceanOptics, FOXY-OR125-G, Lastek, Australia) connected to an oxygen meter (ThauTheta MFPF100-2, Lastek). Oxygen levels and temperature were simultaneously sampled every 2 s for 1 h. Respiratory control measurements of the water were taken regularly.
Whole major claws of each individual were removed and weighed (±0.002 g) before muscle tissue was extracted. Claw muscle tissue was dissected from the dactyl tendon and placed in an aerated marine crustacean Ringer's solution [525 mmol l −1 NaCl, 13.27 mmol l −1 KCl, 12.39 mmol l ) for the whole claw was significantly higher in original (black) than regenerated claws (grey) (t=-3.09, d.f.=105, P<0.01).
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Measurements of muscle tissue oxygen consumption were made using optical-fluorescence-based oxygen respirometry at 25±1°C. Tissues were placed in 5 ml glass vials containing oxygen sensor spots (SP-PSt5-NAU-D5-YOP, PreSens). Vials were filled with aerated Ringer's solution and samples were suspended in a nylon mesh net within each vial to prevent the formation of a hypoxic boundary layer. Vials were then placed in a 24-channel Sensor Dish Reader 207 (PreSens SDR2 AS1, New Zealand) and oxygen levels were recorded every 2 min for at least 45 min. Control vials were added to each experimental run and all vials were stirred continuously using a platform shaker (Ratek, Australia).
The rate of oxygen consumption (V O2 ; ml h −1
) for whole crabs and claw muscle tissues was calculated as per Alton et al. (Alton et al., 2007): where m f is the slope derived from the whole animal or tissue (% air saturation h −1 ), m c is the slope derived from controls (% air saturation h −1 ), V is the chamber volume (l) and β O2 is the oxygen capacitance of the medium (ml l −1 ). β O2 for air-saturated seawater used in whole-animal calculations (27‰, 24°C) was 5.03 ml l −1 . β O2 for airsaturated Ringer's solution for tissue calculations (35‰, 25°C) was 4.62 ml l −1
. The total rate of oxygen consumption for each whole claw was estimated from the product of total claw muscle mass and its oxygen consumption per gram.
All statistical analyses were performed using R (Version 2.12.2) or JMP (Version 8). Statistical significance was taken at the level of P<0.05. ANCOVAs and ANOVAs were used to compare the differences between claw types for rates of oxygen consumption.
